Background and Purpose-The introduction of balloon remodeling has revolutionized the approach to coiling of wide-neck aneurysms. We studied the effects of balloon inflation during coil embolization on ischemic complications. Methods-A retrospective review was undertaken of the most recent 147 patients undergoing balloon remodeling for unruptured intracranial aneurysm coil embolization at a single institution (81 balloon, 66 unassisted). All underwent postprocedural MRI. Results-Among patients in the "balloon" group, the mean total inflation time was 18 minutes (range, 1-43), a mean number of inflations of 4 (range, 1-9), a mean maximum single inflation time of 7 minutes (range, 1-19), a mean reperfusion time of 2.2 minutes between inflations, and an average procedure time of 2 hours and 10 minutes. Asymptomatic diffusion-weighted imaging abnormalities were detected on postprocedural MRI in 21.5% of patients and symptomatic lesions were identified in 3.8%. Both silent and symptomatic ischemic rates were similar in the internal control group. Patients with ischemic findings were older and more likely have diabetes; no differences were found with respect to total balloon inflation time, number of inflations, maximum inflation time, or reperfusion times. Conclusions-We found no significant relationship between balloon inflation practices and ischemic events. Older and diabetic patients were more likely to have ischemic events develop.
A dvances in technique over the past decade make the treatment of aneurysms that were previously considered poor candidates for coiling more feasible. The use of balloon remodeling, first described by Moret et al, 1 involves the temporary inflation of a balloon across the neck of an aneurysm, allowing for coil deployment into aneurysms with unfavorable neck-to-dome ratios. 2 Balloon inflation leads to local anterograde flow arrest in the territory involved. The other well-described risks of balloon remodeling include perforator occlusion, parent vessel dissection or rupture, and promotion of thromboemboli. [3] [4] [5] [6] Little is known with regard to what inflation times are safe and whether reperfusion times during intermittent balloon deflation decrease the incidence of ischemic complications. Postprocedural MRI can be useful to assess the rates of thromboembolic events, 7 with reported rates ranging from 5.5% to 73%. 6,8 -11 Although initial studies reported an increased incidence of thromboembolic complications with the use of balloon remodeling, 2,6,9,11 more recent studies have found an equal or decreased incidence of ischemic events 5, 8, [12] [13] [14] compared to conventional coil embolization without adjunctive balloon use. In lieu of better evidence, the basic principle of allowing cerebral perfusion while minimizing local flow arrest guides current practices during balloon remodeling. However, critical questions regarding the maximum permissible balloon occlusion time, the minimum effective reperfusion time between inflations, and whether total balloon inflation time or the number of inflations is a higher risk factor for ischemic complications remain unanswered. We studied the effects of intermittent balloon inflation during aneurysm coil embolization on ischemic complications in a patients treated for unruptured aneurysms with universal procedural heparinization without the use of pharmacological neuroprotection.
Patients and Methods
A retrospective chart review was undertaken of the most recent 81 patients undergoing balloon remodeling for unruptured intracranial aneurysm coil embolization at Cleveland Clinic. In the same time period, 66 patients undergoing elective aneurysm embolization without the use of balloon remodeling were also studied to form an internal control for intraprocedural technical and ischemic complication rates.
Procedural and Anatomic Considerations
All patients underwent general endotracheal anesthesia. Blood pressure was maintained with a goal systolic blood pressure Ͻ140 mm Hg and mean arterial pressure Ͼ65 mm Hg and was not pharmacologically augmented during balloon inflations. All under-went full anticoagulation with intravenous administration of heparin with a goal activated clotting time Ͼ250 maintained by serial checks and intermittent heparin boluses as required. Cases in which a full diagnostic cerebral angiogram was performed before the coil embolization during the same sitting were designated as a "4-vessel" procedure, as opposed to cases that proceeded directly to coil embolization. Absent collateral circulation across the circle of Willis was noted. Aneurysms were designated as "proximal" if parent vessel occlusion allowed for collateral circulation across either the anterior or the posterior communicating artery, whereas those in which parent vessel occlusion relied entirely on pial collaterals were designated as "distal."
Imaging
Postoperative MRI were reviewed by a neurologist (M.S.H.) and a neuroradiologist (T.S.) for location, type (embolic versus watershed), and volume of abnormal diffusion-weighted imaging (DWI) signal using a recently reported technique. 15 Any postprocedural clinical deficits attributable to DWI in the region of interest were designated as a "clinical stroke" by an unblinded reviewer (A.M.S.).
Statistics
Two-tailed Fisher exact tests were used to examine associations between patient and procedural factors and incidence of ischemic complications. Patient groups were compared by univariate analysis of variance. Balloon practices were compared for watershed versus embolic patients using a 2-sample Wilcoxon test (2-tailed) with a significance level of 0.05. The correlation between total inflation time, number of inflations, maximum single inflation, mean inflation, and minimum reperfusion time with volume and number of lesions was assessed using Spearman rank correlation. Two-tailed probability values were reported, testing whether the correlation was different from zero. All analyses were performed with SAS version 9.2. A significance level of 0.05 was used to determine significance.
Results
Eighty-one patients (88.9% female) with an average age of 57.6 years who underwent balloon remodeling for elective aneurysm repair were included in the "balloon" group. Sixty-six patients were included in the "no balloon" group to serve as an internal control. Table 1 summarizes the patient data for both the balloon and no balloon groups.
Patient Risk Factors: Comorbidities
There were no differences compared between the balloon and the no balloon patients in any of the baseline demographics.
Collateral Flow
All patients were found to have angiographically verified anterior and posterior communicating arteries. None had an absent or severely hypoplastic A1 segment of either of the anterior cerebral arteries.
Baseline Platelet Inhibition
In the balloon group, 51 patients either were using aspirin alone at baseline or were loaded with aspirin and clopidogrel before the procedure for an anticipated stent placement. This was significantly higher than in the no balloon group (12; PϽ0.001).
Balloon Inflation
Three balloons were used: Hyperglide (EV-3), Hyperform (EV-3), and Ascent (Micrus). Among patients in the balloon group, the mean total inflation time was 18 minutes (range, 1-43), with a mean number of inflations of 4 (range, 1-9), a mean maximum single inflation time of 7 minutes (range, 1-19), a mean reperfusion time of 2.2 minutes between inflations, and an average procedure time of 2 hours and 10 minutes.
Complications and Outcome
There were 2 (2.5%) technical complications directly attributable to use of balloon remodeling (intraprocedural aneurysmal rupture), one involving a basilar artery aneurysm and the other involving an ophthalmic artery aneurysm. Both resulted in death within 24 hours of the procedure from malignant intracranial hypertension. The 2 deaths were excluded from the analysis of balloon inflation times and DWI lesions because they represent separate pathophysiology.
There were 3 (3.8%) patients undergoing balloon remodeling for aneurysm embolization with clinically evident strokes and corresponding DWI lesions on postprocedural MRI. One was a patient with a history of stroke with mild residual right hand weakness who underwent coiling of a left-side posterior communicating artery aneurysm and had transient worsening of her baseline deficit and was found to have an embolic DWI lesion in the left middle cerebral artery territory (patient 20). A second patient had a history of stroke with a baseline NIHSS of 2 and a single small watershed distribution infarct (0.014 cc) in the right middle cerebral artery territory after embolization of a right posterior communicating artery aneurysm (patient 10). The symptoms included mild left weakness. The third patient experienced transient visual disturbances after embolization of an ophthalmic segment aneurysm with 3 embolic lesions in the ipsilateral posterior cerebral artery territory with a total volume of 1.21 cc (patient 16). All symptoms resolved within 48 hours postprocedurally. Although all symptomatic strokes occurred in the subset of patients with concordant DWI lesions, there was no significant effect on silent ischemic events on MRI and neurological outcome. Fifty-six (69.1%) patients achieved a modified Rankin scale score of zero, 17 (21%) had a score of 1, 5 (6.2%) had a score of 2, and 1 (1.2%) had a score of 4.
Silent Ischemic Lesions
Silent DWI abnormalities were detected on postprocedural MRI in 17 (21.5%) cases using balloon remodeling, with a mean of 3 lesions (range, 1-7) and a mean total volume of 0.99 cc (range, 0.01-6.3). Among 19 of the 20 patients who had DWI changes, all involved the expected vascular territory distal to the location of balloon inflation including the expected anastomotic routes, and 7 of these patients had additional DWI changes involving other territories. There was no significant difference in silent DWI rates between the study population and the internal control group (21.5% versus 15.27%; Pϭ0.33).
Risk Factors for Ischemic Events
Patients undergoing balloon remodeling with procedurerelated ischemic complications were older (mean age, 61.7 years; Pϭ0.04), more likely to have diabetes (Pϭ0.007), and more likely to have undergone treatment of an aneurysm arising from the posterior communicating artery (Pϭ0.04; Table 2 ). Among patients with DWI lesions, an infarct in a watershed pattern was associated with a higher single maximum balloon inflation time than abnormalities consistent with emboli (10Ϯ1 minutes versus 6.4Ϯ2.2 minutes; Pϭ0.02). There was a trend between cumulative balloon inflation and a watershed infarct as opposed to an embolic pattern infarct (33Ϯ12.5 minutes versus 16.5Ϯ10.1 minute; Pϭ0.09), whereas the number of inflations was not related to infarct type (Pϭ0.30). The number of inflations or reperfusion times were not found to differ significantly between patients with embolic or watershed infarcts (Pϭ0.30).
Discussion
The use of balloon remodeling in aneurysm coiling will be limited by its added complication rate. The available evidence is conflicting with respect to use of balloon remodeling in aneurysm coil embolization and rates of ischemic complications, with some studies reporting a higher incidence 2,6,9 -11 and others reporting an equal or decreased incidence compared to unassisted coiling. 5, 8, [12] [13] [14] The silent ischemic event rate in our population for balloon-assisted embolization of 24.7% is equal to that in the literature for unassisted coiling and an internal control cohort of patients treated in the same time period without balloon use. It is difficult to compare our rate of mostly asymptomatic, small embolic infarcts to the surgical experience because those studies have focused on clinically evident events that largely reflect watershed distribution or perforator territory infarcts. However, the rate of symptomatic ischemia (3.8%) in this study population does not appear to be significantly different than the rate for surgical clipping. 16 We found a 2.5% technical complication rate. This underscores the feared risk with balloon remodeling for aneurysm embolization, given the potential for microcatheter pinning within the aneurysm preventing recoil when excessive pressure is applied on a deployed coil, thereby directing the pressure to the aneurysm wall. However, a recent meta-analysis demonstrated that although balloon use was associated with superior initial and follow-up angiographic occlusion rates, there was not an increased risk of aneurysm perforation. 5 Our study population is homogenous with respect to a few critically relevant factors. All aneurysms were unruptured, all were administered heparin, neuroprotective strategies were not used, and blood pressure was not augmented during balloon inflation. In our patient population, we did not identify an additional protective effect of preprocedural pharmacological platelet inhibition among patients undergoing balloon remodeling. However, patients in the balloon group had a significantly higher rate of preprocedural phar-macological platelet inhibition than in the no balloon group, which makes direct comparisons between these 2 groups more challenging. It is possible that the higher rate of antiplatelet therapy in the balloon group is masking a higher ischemic rate.
The retrospective nature of this study and the population size are 2 important limitations. However, we did have significant findings in our cohort. The baseline patient risk factors for ischemic complications identified included older age and diabetes. One possible explanation for this finding is that all patients have intraprocedural showering of emboli, but older and diabetic patients are more likely to have irreversible ischemia attributable to microvascular disease. The main purpose of this study was to investigate our balloon practices with respect to incidence of ischemic complications. Embolic infarcts were more common than watershed in our Continuous variables are expressed as meanϮSD and as count (%) for categorical variables. Other categories of aneurysm location include superior cerebellar, posterior inferior cerebellar, and pericallosal artery aneurysms. Of note, 2 patients in the balloon group with intraprocedural rupture who died secondary to cerebral edema and malignant intracranial hypertension are not included in this subset analysis.
patient population. The total number of inflations times, the maximum occlusion time, minimum reperfusion time, and mean reperfusion time did not appear to be risk factors for thromboemboli. However, higher maximum inflation time was significantly correlated to a watershed pattern infarct.
Conclusions
Among patients undergoing balloon-assisted coil embolization of unruptured aneurysms, there was no significant relationship between balloon inflation practices and incidence of ischemic complications. Older and diabetic patients had a higher likelihood of ischemic events developing. Our findings confirm that balloon remodeling for aneurysm embolization appears safe, with an incidence of asymptomatic stroke unrelated to details of balloon use and comparable to the rates of ischemic events in cases of unassisted coiling and to microsurgical clipping.
